Abstract. The L X-ray spectra of Ta, Au and Th induced by 0.6 to 4 MeV/nucleon (MeV/n) 84 Kr ions have been studied by means of a LiF(100) equipped crystal spectrometer with an overall resolution of 30 eV at 8.146 keV. The mean energy shifts of the main lines have been measured with accuracies ranging from 5 eV for well separated lines, to 30 eV for poorly resolved lines. Mean energy shifts per M and N spectator electron vacancies were deduced and compared with predictions of different models. The mean number of these vacancies at the various beam energies were estimated. Diagram lines were also observed and assigned to the internal conversion of transition energies between nuclear Coulomb excited levels. In the case of the Lα lines of Ta and Au and at the lower beam energies (0.6 and 1.2 MeV/n) the full width at half maximum of these lines was used to deconvolute the shifted peaks in the individual corresponding satellite lines.
Introduction
In experiments concerned with heavy ion induced X-ray emission, characteristic line shifts and broadenings are usually observed and interpreted as the result of satellite production through multiple inner shell ionization. An early review of these measurements has been given by Garcia et al. [1] . In fact the presence of spectator vacancies during an X-ray transition yields a change in the binding energies of the electron levels implied in the transitions and results in a shift of the corresponding X-ray energy. The broadening results from the overlapping of several satellite lines when the resolution of the detection system is insufficient to resolve individual lines. As a consequence, experiments concerned with multiple ionization fall roughly into two categories: i) High resolution measurements for resolved K and L satellites with energies below 10 keV: In the studies of ion atom collisions most of these experiments are concerned with light elements in the range of 8 < Z < 30. Recently a breakthrough has been achieved in this field by several groups: [11] . In all these experiments the Kα and/or Kβ satellite lines were visible in the spectra or were identified through a mathematical deconvolution of the observed peaks. Furthermore, as indicated, the ionization probabilities of the L or M electrons were also calculated.
ii) Measurements with Si(Li) or High Purity Ge detectors yielding peak centroid shifts with regard to the corresponding diagram lines or changes in their intensity ratios. From these measurements only "average" or "most probable" vacancy configurations can be deduced when the mean energy shift for defined vacancies (L, M, N or O) known from literature is used [12] . This is in particular the case for the L X-rays of heavy elements (Z > 50), even when special high resolution spectrometers are used. For the K satellites of light elements (Z < 20), the contribution of transitions due to outer shell vacancies is zero (because these levels are not occupied) or negligibly small (because the energy difference resulting from these vacancies is too small to be observed with such detectors). This is no longer the case for the L satellites of heavy elements (Z > 70) for which N, O and P levels are occupied. Here, the numerous satellites resulting from different vacancy distributions produce a large broadening of the X-ray lines resulting in a substantial shift of their centroids.
Nevertheless, the study of heavy ion induced L X-ray spectra of heavy elements with high resolution devices offers certain advantages. As a consequence of the excellent energy resolution, the deconvolution of the energy spectra is simple and more accurate than for Si(Li) spectra. This results in a better determination of the peak centroids especially in the case of overlapping lines. In this paper, the choice of the Kr -Ta, Au, Th collision systems results from the consideration of the relative binding energies of the projectile K level (14.325 keV) and the target L levels (e.g. 9.881, 11.919 and 16.300 keV for the L3 levels of Ta, Au and Th respectively). As shown by Meyerhof et al. [13] in the Molecular Orbital (MO) ionization model, the 3dσ vacancy sharing between the projectile 1s and the target 2p levels preferentially leads to the ionization of the L levels of Ta and Au whereas, in the case of Th, the excitation of the projectile K level would be dominant. As a consequence some differences are expected to show up in the results for Ta and Au targets compared with Th. Similar measurements to elucidate this effect have been performed by Heitz et al. [14] with the same targets at much lower energy Kr beams (0.036 to 0.071 MeV/n).
Experimental procedure
Experiments have been performed at CYCLONE, the Isochronous Cyclotron of Louvain-la-Neuve (Belgium) with 84 Kr ion beams of 0.6, 1.2, 2.4 and 4 MeV/n. The corresponding charge states have been 8 + , 13 + , 13 + and 17 + , respectively. A schematical view of the experimental set up is shown in Fig. 1a . The entire target chamber was electrically isolated thus allowing beam charge integration and consequently, an automatic monitoring of the different runs and the angular displacements of the analyzing crystal-detector assembly. The thick Ta, Au and Th targets were mounted on an air cooled holder and positioned at 45
• with respect to the beam direction. The emitted X-rays were analyzed perpendicular to the beam axis at the front side of the target by a planar LiF (100) crystal mounted on a high precision goniometer and detected by a 1 mm thick NaI(T1) scintillation detector. To reduce the distance between the target and the analyzing crystal, a special Soller slit was built with copper foils having a thickness of 0.05 mm, a spacing of 1 mm and a length of 5 cm, thus giving an angular aperture of 0.57
• . The Soller slit located between the crystal and the detector was a commercial one with an angular aperture of 0.15
• . The alignments of slits, crystal and detector were performed by maximizing the count rates of intense 55 Fe and 57 Co radiactive sources. For the Ta and Th targets, a run with a 4 MeV proton beam was carried out in order to check the energy calibration and resolution of the detection set-up. The X-ray energy tables of Bearden [15] were used throughout the whole experiment. The one-dimensional spectra (number of events as a function of the 2θ angular position of the detector with respect to the incident X-ray direction) were recorded in a multiscaling mode for a given amount of beam charges on the target. θ is the X-ray diffraction angle of the LiF crystal satisfying the standard Bragg relation:sin θ = nλ/2d, where n is the diffraction order (n = 1), λ the X-ray associated wavelength and d (0.201 nm) the inter-reticular distance of the crystal all related to the energy by E X (keV) = 3.077/ sin θ. The complete process, including the crystal and detector motions executed by a step motor, was computer controlled using a special CAMAC interface. As an example, Fig. 2 displays the Ta-Lβ spectra as induced by 2.4 MeV/n Kr ions and by a 4 MeV proton beam. Under the present conditions and for the proton bombardment, the FWHM of the Lα 1 lines of Ta (8.146 keV) and of Th (12.969 keV) were 30 eV and 100 eV respectively.
In the case of Ta and Au targets, the 2θ angular steps of the detector were 0.04
• , whereas 0.02 • steps were used for the Th target, corresponding to 6 eV and 9 eV energy steps, respectively, for the previously indicated lines. The efficiency of this detection system for the Ta and Th-Lα lines was 7.2 × 10 −6 and 3.4 × 10 −6 , respectively. Owing to these small values with regard to the efficiencies of the commonly used solid state detectors, the acquisition times were considerably longer, ranging from 6 to 9 h per spectrum. Since use of thin targets would result in prohibitively long acquisition times, thick targets (1.66, 0.58 and 0.22 g/cm 2 for Ta, Au and Th, respectively) were used. As a consequence, thick target effects may be expected. These effects resulting from the energy loss of the beam and from the X-ray absorption in the target will be discussed at the end because they depend on the satellite structure of the observed peaks.
For the measurements of the target K X-ray contribution, which is not expected to be produced by the MO ionization mechanism, and for low energy γ-rays, a separate experimental setup has been used as illustrated in Fig. 1b . The irradiations have been performed at the same beam energies and on the same targets. Radiations were detected by a lead shielded planar Ge (HP) detector having an active volume of 7.3 cm 3 (14.87 mm thick) and a 250 μm thick Be entrance window. The detector, with an energy resolution
